We propose a simple interferometric technique for hard x-ray spatial coherence characterization, recording a Fresnel interference pattern produced by a round fiber or a slit. We have derived analytical formulas that give a direct relation between a visibility of interference fringes and either the source size or the transverse coherence length. The technique is well suited to third-generation synchrotron radiation sources and was experimentally applied to determine the spatial coherence length and the source size at the European Synchrotron Radiation Facility.
Direct Measurement of Transverse Coherence Length of Hard X Rays from Interference Fringes
We propose a simple interferometric technique for hard x-ray spatial coherence characterization, recording a Fresnel interference pattern produced by a round fiber or a slit. We have derived analytical formulas that give a direct relation between a visibility of interference fringes and either the source size or the transverse coherence length. The technique is well suited to third-generation synchrotron radiation sources and was experimentally applied to determine the spatial coherence length and the source size at the European Synchrotron Radiation Facility. With an appearance of third generation synchrotron radiation sources such as ESRF, SPring 8, and APS, the field of coherent optics has expanded its borders into the domain of high energy x-ray radiation. When associating coherence with an ability to observe interference phenomena, we should distinguish between temporal coherence linked to the spectral bandwidth (monochromaticity) of the beam and spatial (transverse) coherence which is related to the source size. A high level of spatial coherence, the really unique feature of these new sources, results from a very small source size of about 30 mm and a large source-to-object distance (around 50-100 m).
Using such a laserlike beam, coherent imaging techniques such as phase contrast imaging, holography, and interferometry have recently been proposed [1] [2] [3] [4] [5] and are currently under intensive development. State of the art online detectors [6] , together with optical elements created on diffraction and refraction principles [7] [8] [9] [10] [11] [12] , open real opportunities to overcome visible light limits and to go to submicrometer and even to nanometer resolution [9] . Under these new conditions the characterization and the manipulation of coherence are of great importance.
In the soft x-ray domain interferometry techniques were used for coherence measurements [13, 14] . To measure a level of coherence in the field of hard x rays, optical elements such as crystals [15] or mirrors [16] were applied. However, as has been demonstrated, these optical elements can deteriorate transverse coherence and introduce additional errors in the true value of coherence level [17] [18] [19] [20] [21] .
In this paper we propose a straightforward method for a spatial coherence characterization based on analyzing the visibility of Fresnel interference fringes produced by a well calibrated object like a fiber or a slit. Analytical formulas for a direct definition of the source size or the transverse coherence length have been derived for the first time. The proposed technique was experimentally applied to the source cross-section size characterization at the ESRF high-b undulator beam line ID 22. This beam line is well adapted for microimaging experiments with coherent x rays because the source size is small, a divergence is low, and an intensity is of order of 10 12 photons͞mm 2 at the sample position. A sketch of the experimental setup is schematically shown in Fig. 1 . The energy of x rays selected by a silicon (111) monochromator was 10-20 keV. A transparent boron fiber and slits were located at the distance r s from the source. Interference patterns were collected using an on-line detector with a 1 mm thick transparent YAG scintillator coupled by a light microscope to a CCD camera. A detector has a pixel size of 0.32 mm, and a FWHM of the point-spread function is equal approximately to 0.8 mm [6] . The detector was placed at the distance r d from the object. We assume that the synchrotron radiation source consists of very many incoherent point sources transversely distributed according to the Gaussian law. Each point source radiates an approximately spherical monochromatic wave. The fiber and the slit as linear objects disturb a wave front only along the x direction (see Fig. 1 ). As is known for in-line imaging geometry, each point source located at the position x s produces an identical interference pattern on the detector, but shifted by the value 2x s r d ͞r s . Therefore the interference pattern calculated for the point source at the optical axis must be averaged over w s r d ͞r s , where w s is the source size. An intensity distribution on the detector plane (image of the object) with the point radiator at a center of the source
2 is described by the Fresnel-Kirchhoff integral [22] applying a small angle approximation
where S͑x, r͒ ͑1͞ p r͒ exp͑ipx 2 ͞lr͒ is a partial spherical wave along the x axis, l is a wavelength, P͑x, r͒ S͑x, r͒͞ p il is a propagator along the x axis, r t r s 1 r d is a total distance source-to-detector, and we have omitted an unessential phase factor. The complex transmission amplitude F͑x͒ is determined by a size, a shape, and a structure of the object. In the case of the fiber of radius R it is equal to unity for jxj . R and exp͓2͑4p͞l͒ ͑b 1 id͒ p R 2 2 x 2 ͔ for jxj , R, where d is a decrement of refractive index, and b is an index of absorption. In the case of the slit we have F͑x͒ u͑a͞2 2 jxj͒ where u͑x͒ is the Heaviside step function and a is a slit width.
An intensity measured experimentally in the in-line imaging geometry is
where the function B͑x s ͒ describes the brightness distribution of the source. We assume the function B͑x s ͒ to be Gaussian B͑x s ͒ ͑1͞r s p p ͒ exp͑2x A visibility of fringes V ͑x d ͒ in the region near the point x d may be introduced as follows:
where I max ͑x d ͒ and I min ͑x d ͒ are the intensities corresponding to the maximum and adjacent minimum in the fringe system at the pointx d . The formulas presented above are well known (see, for example, [22] ). These allow one to calculate the interference pattern and the visibility directly by means of computer simulations. Nevertheless, it is very useful to obtain approximate analytical expressions for the visibility which allow one to make a direct estimation of the transverse coherence length l tc and the source size w s . Below we present the formulas which were obtained by us for the first time. The method of derivation is described only shortly. The detailed analysis will be done later in a more extended article.
Fiber.-In the case of transparent fiber such a formula may be obtained by the use of the stationary phase approximation for calculating the integral (1). As known, the formulas obtained within this technique coincide with the results obtained employing an approximation of ray geometrical optics. The interference fringes arise due to interference between a direct ray coming from the source and a ray scattered by the object. However, near an edge of the fiber (the most important region) the standard stationary phase method [23] cannot be used due to the fact that the phase profile is not a slow varying function. We have developed the enhanced stationary phase method for calculating such a case. It takes into account the finite limits of integrating near the object edge. This leads to damping the intensity for the rays deviated in the vicinity of the edge.
As a result, we have obtained an analytical formula for the intensity distribution and the visibility of the fringes. The latter may be written in the region x d . 1.5R d as follows:
where an exponential is directly related to the mutual coherence function (see, for example, [24] ), l tc is the transverse coherence length, R d Rs, and s r t ͞r s is a scaling factor. The function V 0 ͑x d ͒ is the visibility of the fringes for the case of point source
where
The other region outside fiber shadow where x d , 21.5R is symmetrical. The function g͑x d ͒ is obtained from the enhanced stationary phase technique, and it cannot be represented by simple formula. However, it can be shown that g͑x d ͒ has values between 1 (for fringes near the fiber shadow edge) and 0.5 (for far fringes). The experiment was done with the boron fiber of 50 mm radius having a 15 mm tungsten core for the following experimental conditions: r s 41 m, r d 5 m, and x-ray energyhv 17 keV. Figure 2(a) shows the experimentally measured intensity distribution in arbitrary units. A number of well pronounced interference fringes was observed outside the fiber shadow. Measuring the visibility of the fringes in the region jx d j . 1.5R d we obtain the source size w s ͑33 6 4͒ mm using the formula
where V 0 ͑jx d j͒ was calculated with g͑jx d j͒ 0.75. The transverse coherence length l tc ͑41 6 5͒ mm is calculated from the formula (4). The result of computer simulation of the intensity distribution for this case is shown in Fig. 2(b) for a point source and Fig. 2 fringes coincide closely. However, the experimental pattern contains some extra perturbations of the fringes caused by imperfections of the optical elements in the beam path, in particular, vacuum windows, filters, and monochromator crystals [17] [18] [19] .
Slit.-The light diffraction by a slit is a classical optical example. As known, when a wave passes through a slit of a width a, a transition from Fresnel to Fraunhofer diffraction can be observed. A distance dividing the two regimes is known as a Rayleigh distance and is given by a 2 ͞l. The accurate theoretical intensity distribution is described by Fresnel integrals. To obtain an analytical approximate expression we used an asymptotic behavior of Fresnel integrals [25] which is valid for a central part of a slit shadow. We find that a visibility of the central fringe is determined as
where r a͞2 and the transverse coherent length l tc is defined by (4) . The visibility of the central fringe in the case of point source is described by
We have done an experiment with r s 31 m, r d 10 m,hv 18 keV. Diffraction images of the slits of different sizes were registered. Figure 3(a) shows experimental results for the slit of 100 mm size, where the visibility value V 0.11 6 0.01 was measured for the central fringe. Then the formulas (8) and (9) give the following estimation of source size w s 27.2 ln 1͞2 ͑0.58͞V ͒ mm. With the measured V value we obtain w s ͑35 6 3͒ mm that correlates with the above estimation by means of fiber. The transverse coherence length is l tc ͑27 6 2͒ mm in this case. The calculated diffraction pattern in the case of the point source and the condition specified above is shown in Fig. 3(b) ; the pattern after a smoothing over the source size of 35 mm is shown in Fig. 3(c) . As may be inferred from Fig. 3 the measured interference pattern is reproduced within the approximation limits by calculated intensity distribution for 35 mm source size.
Summary. -We proposed and tested a new technique of measuring the source size on third-generation synchrotron radiation sources by means of in-line imaging of the objects with a known structure such as a fiber or a slit. We have derived the analytical formulas which allow us to estimate directly the source size and the transverse coherence 0.
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Intensity (au) length of the beam. The analytical results are verified by computer simulation technique. At the ID 22 beam line we measured the source size of 35 mm, which is in accordance with the data provided by the ESRF machine group at the time of the experiment. The advantage of the proposed technique is that it keeps instrumental errors to the minimum. This technique also allows one to characterize the influence on coherence by optical elements implemented in the experimental setup. In view of the development of x-ray free-electron lasers (1 Å wavelength), this technique appears to be very promising and of particular value.
